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Abstract

A growing body of epidemiologic evidence suggests that people with diabetes are at a significantly higher risk of many 
forms of cancer. However, the molecular mechanisms underlying this association are not fully understood. Cancer cells 
are surrounded by a complex milieu, also known as tumor microenvironment, which contributes to the development and 
metastasis of tumors. Of note, one of the major components of this niche is the extracellular matrix (ECM), which becomes 
highly disorganized during neoplastic progression, thereby stimulating cancer cell transformation, growth and spread. One 
of the consequences of chronic hyperglycemia, the most frequently observed sign of diabetes and the etiological source 
of diabetes complications, is the irreversible glycation and oxidation of proteins and lipids leading to the formation of the 
advanced glycation end-products (AGEs). These compounds may covalently crosslink and biochemically modify structure 
and functions of many proteins, and AGEs accumulation is particularly high in long-living proteins with low biological 
turnover, features that are shared by most, if not all, ECM proteins. AGEs-modified proteins are recognized by AGE-
binding proteins, and thus glycated ECM components have the potential to trigger Receptor for advanced glycation end-
products-dependent mechanisms. The biological consequence of receptor for advanced glycation end-products activation 
mechanisms seems to be connected, in different ways, to drive some hallmarks of cancer onset and tumor growth. The 
present review intends to highlight the potential impact of ECM glycation on tumor progression by triggering receptor for 
advanced glycation end-products-mediated mechanisms.

Introduction
The association between diabetes and cancer was firstly 
described more than a century ago by Maynard and Pearson 
(1,2). At present, an extensive body of epidemiological stud-
ies suggests that people with diabetes have an increased risk 
of developing certain cancer types (3,4), after adjusting for age 
and other confounding factors such as obesity. Furthermore, 
patients with diabetes who develop cancer have even a worse 
prognosis after treatment with chemotherapy or surgery as well 
as a higher mortality risk than subjects without diabetes (5–7). 
Even more, chronic hyperglycemia, measured by glycated hemo-
globin levels also correlates with increased risk for a number 
of cancers, independently of the onset of diabetes (8). In 2010, 

the American Diabetes Association published a consensus 
report, highlighting the importance of hyperglycemia as a rele-
vant mediator in the association between diabetes and cancer 
(9). However, although hyperglycemia is one of the most widely 
studied metabolic alterations in diabetes mellitus, the effects of 
hyperglycemia on cancer have received much less attention.

In the late 80’s and early 90’s cumulative evidences derived 
from both experimental and clinical studies pointed to pro-
longed exposure to hyperglycemia is the primary factor asso-
ciated with the development of most diabetic complications. 
Thus, the magnitude and duration of target tissue exposure to 
abnormally high levels of blood glucose correlate closely with 
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the extent and rate of progression of retinopathy, nephropathy 
and neuropathy (10–12).

The formation of AGEs, by the so-called Maillard reaction, is 
a complex cascade of glycation reactions of different kinds of 
biomolecules including proteins, lipids and nucleic acids. In the 
Maillard reaction, an amine moiety from amines, amino acids, 
peptides or proteins reacts with a carbonyl group, present not 
only in reducing sugars such as glucose but also in oxidized lipids. 
The formation of AGEs occurs through different steps, where the 
formation of a Schiff base, by a non-enzymatic reaction, is highly 
dependent on the concentrations of reducing sugars or oxidized 
lipids. Later, this Schiff base undergoes some chemical rear-
rangements leading to the formation of slowly reversed Amadori 
products, also known as early glycation products. These Amadori 
products can then be converted through complex rearrangement 
reactions to a chemically related group of moieties, termed AGEs, 
which can irreversibly bind to proteins (13,14).

AGEs are not only long-term markers of elevated glucose; 
they are active mediators of tissue pathology through two 
main mechanisms. Firstly, AGEs may covalently crosslink and 
biochemically modify structure and functions of many pro-
teins, including the components of the two main types of ECM, 
the interstitial connective tissue matrix, and the basement 
membrane. Additionally, all these AGEs-modified proteins are 
recognized by several advanced glycation end-products (AGEs)-
binding proteins, among which receptor for advanced glycation 
end-products (RAGE, also known as AGER, see Figure 1) is associ-
ated to trigger proinflammatory intracellular signaling cascades 
once it is engaged by AGEs, leading to consistent and robust cel-
lular responses (15,16).

At present, compelling evidences demonstrate that fueling 
inflammation in the tumor microenvironment creates a tumor-
promoting milieu which, in turn, favors proliferation and sur-
vival of cancer cells, alters the immune response and promotes 
angiogenesis and metastasis (17,18). 

In this context, emerging experimental data suggest that the 
multiligand RAGE axis may be an important contributor to this 
tumor-promoting inflammatory milieu (19), and thereby promot-
ing the proliferation, new vessel network formation, invasive-
ness of tumor cell and the formation of distant metastasis (20).

Although, a growing body of evidence has established a 
strong association of RAGE over-expression with the malignant 
potential of various cancer types as well as the role of differ-
ent RAGE ligands highly abundant at the tumor microenviron-
ment (20–22), a missing element and not less important, still 
remains to be studied in the complex puzzle denoted by the 
association between diabetes and cancer: the glycation of the 
extracellular matrix (ECM). The non-enzymatic reaction that 
results in glycated ECM components can be seen as a reservoir 
with the potential to generate a multitude of RAGE-dependent 
mechanisms.

Advanced glycation and ECM dysfunction
ECM is mainly formed by a large variety of macromolecules whose 
precise composition and specific structures vary from tissue to tis-
sue. Two main classes of extracellular macromolecules make up 

the matrix: (1) polysaccharide chains of the class called glycosa-
minoglycans, which are usually found covalently linked to pro-
tein in the form of proteoglycans, and (2) fibrous proteins. These 
fibrous-forming proteins, including collagen, elastin, fibronectin 
and laminin, have both structural and adhesive functions (23).

These ECM fibrous proteins are particularly long-lived, and 
they are potential targets of glycation. The impact of glycation 
on ECM functionality is mainly focused on two main mecha-
nisms, by modifying molecular recognition at specific protein 
binding sites (24), or by altering the mechanical properties due 
to AGE crosslinks of load-bearing protein such as collagens, 
leading to stiffening of tissues (25).

A growing body of both clinical and experimental evidences 
suggests that tissue mechanics is a key modulator of tumor pro-
gression and clinical outcome, and a tight relationship has been 
reported between ECM remodelling and stiffening, cellular mech-
anosignaling, tissue inflammation and tumor aggression (26).

Of note, tumor-associated ECM remodeling leading to the 
stiffening of tumor microenvironment is mainly mediated by 
ECM deposition, fiber alignment and crosslinking, which, in 
turn, is able to promote tumor progression and malignancy 
through increased integrin signaling (27). Stiffened ECM also 
enables key tumor-suppressing mechanisms to be bypassed 
(28). Furthermore, the stiffened tumor ECM permits tumor cells 
to not only overcome contact inhibition and survive but also to 
sustain high rates of proliferation (29).

Stiffening, can also induce highly invasive cell phenotypes, 
and to promote transforming growth factor (TGF)-β-induced 
epithelial–mesenchymal transition (EMT) (30,31). In this context, 

Abbreviations 

AGE  advanced glycation end-products
ECM  extracellular matrix
EMT  epithelial–mesenchymal transition
miRNA  microRNA
TGF  transforming growth factor

Figure 1. The receptor of advanced glycation end-products (RAGE) is associated 

to trigger proinflammatory intracellular signaling cascades once it is engaged by 

AGEs, leading to consistent and robust cellular responses. Once engaged, mul-

tiple signaling pathways are triggering, including reactive oxygen species (ROS), 

p21ras, erk1/2 (p44/p42) MAP kinases, p38 and SAPK/JNK MAP kinases, rhoGT-

Pases, phosphoinositol-3 kinase and the JAK/STAT pathway, with important 

downstream inflammatory consequences such as activation of NF-κB, AP-1 and 

Stat-3. The cytoplasmic domain of RAGE is essential for RAGE ligand-triggered 

signal transduction where a key binding partner of this domain is the mamma-

lian homologue of the Drosophila gene Diaphanous 1 (mDia1). 
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the invadopodia formation, which is a key process for guiding 
cell migration is also sensitive to ECM rigidity (32).

Of note, matrix crosslinking is one of the main mecha-
nisms by which the tumor stroma stiffens during solid tumor 
progression (33,34).

Additionally, increasing collagen matrix stiffness via non-
enzymatic glycation can also alter vascular growth and integ-
rity, mimicking the changes that exist in the tumor vasculature 
structure (35). Furthermore, increased ECM stiffness also pro-
motes metastatic cancer cell interaction with the endothelium 
and thus favoring cancer metastasis (36).

AGE-induced crosslinking of fibronectin is another mecha-
nism to promote matrix accumulation by increasing the stiff-
ness of collagen and reducing fibril breakage by shear forces (37).

AGE-mediated crosslinking of the collagen IV and laminin 
promotes the stiffening of basal lamina matrix, thus favoring 
the invasiveness of tumor cells and cancer progression (38).

Additionally, tumors rely primarily anaerobic metabolism 
and show a higher rate of glucose uptake and glycolysis. This 
metabolic reprogramming unavoidably favors AGEs formation 
in cancer cells (39–41), thus leading to a higher local formation 
of AGEs, which is turn may favor the in situ formation of tumor 
ECM crosslinking.

Glycated ECM and RAGE activation:  
a missing piece in the puzzle
The cancer-associated ECM is not only an essential and inte-
gral component of tumors, but also an active contributor to 
their histopathology and behavior. Abnormal ECM affects can-
cer progression by directly promoting cellular transformation 
and metastasis (23,42). At present, the modification of ECM 
components by AGEs has been suggested to be a relevant fac-
tor promoting matrix remodeling and/or dysfunction. However, 
these modifications have been mostly associated to mechanical 
changes, such as crosslinks which may then render a stiffened 
matrix. As tumors develop stiffness increases over time, due 
largely to ECM remodeling, and this stiffness even correlates 
well with disease progression (43). Noteworthy, it has become 
increasingly clear that the stiffened ECM is not a merely passive 
by-product of malignancy, but rather these physical changes 
actively participate not only in tumor progression but also in 
how tumors respond to therapy (44).

At present, the molecular mechanisms described to explain 
how matrix stiffening may promote tumor growth and invasive-
ness have been mainly ascribed to mechanotransduction mech-
anisms where cells sense and convert exogenous forces into 
signaling pathways. However, the contribution to tumor pro-
gression of RAGE-dependent mechanisms triggered by a highly 
glycated and stiffned ECM are missing.

The major constituents of ECM are fibrous-forming pro-
teins such as collagens, elastins, laminins and fibronectin (23). 
Noteworthy, all these proteins are targets of the Maillard reaction 
and thus become highly glycated in diabetes/hyperglycemia, 
which may then become as a potential source of AGEs-modified 
proteins, and the subsequent activation of RAGE-dependent 
mechanisms (See Figure 2).

The biological consequence of RAGE activation mechanisms 
seems to be connected in different ways to drive some hallmarks 
of cancer onset and tumor growth (Figure  2B). Next, we sum-
marize the topics we intend to deal with this connection and 
where a mechanistic approach reporting the existence of RAGE-
dependent mechanisms induced by glycated ECM is missing.

Sustained growth

A common feature of both cellular transformation and tumor 
progression is to escape from proliferative suppression, result-
ing in sustained cell proliferation and cell signaling (33). It is 
known that cell cycle transition from G1 to S phase requires cel-
lular adhesion to the ECM through Erk signaling and cyclin D1 
induction (45). Of note, the RAGE signaling network triggered by 
engagement by glycated proteins includes the recruitment of 
signaling mediators such as Erk, PI3K, Rac and cyclin D1 (16,46). 
Additionally, malignant tissue is typically stiffer than its nor-
mal counterpart and this altered biochemical property is largely 
mediated by a cross-linked collagenous ECM. In response to 
a stiffened matrix cells are able to activate Erk, PI3K and Rac 
signaling, in order to accelerate cell cycle progression through 
increased expression of cyclin D1 (47,48).

Importantly, advanced glycation-mediated collagen 
crosslinking has been observed to stiffen tissues in different dis-
eases (49,50). Furthermore, matrix stiffness has been reported to 
induce the expression of miRNAs that lower expression of the 
tumor suppressor PTEN, thereby enhancing the PI3K/Akt activ-
ity to promote cell growth and survival (28).

Any neoplastic lesion must overcome the limitations 
imposed by tumor suppressors. For instance, Smad phospho-
rylation by TGF-β induces p21 and p27, which, in turn, inhibit 
the activity of critical cyclin-dependent kinases needed for cell 
cycle progression (51).

In many tumors, the cell–ECM interactions can regulate TGF-
β signaling by inducing p130Cas, which in turn prevents Smad3 
phosphorylation and thus reducing p15 and p21 expression (52). 
This finding may explain the mechanisms underlying the resist-
ance to TGF-β-induced growth suppression seen in many can-
cers (53,54).

Collagen type I is a major component of interstitial connec-
tive tissues and constitutes up to 90% protein content (55). Very 
recently, it was shown that aged collagen, which is highly rich 
in AGEs content, promotes the proliferation of human fibrosar-
coma HT-1080 cells by decreasing p21 expression and impairing 
the discoidin domain receptor-2-mediated tumor cell growth 
suppression (56). Noteworthy, collagen aging has been ascribed 
to the accumulation of structural changes associated with the 
extent of advanced glycation-modified motifs (57).

All these data have been only ascribed to changes in mechan-
ical features of ECM, but there are no reports denoting the acti-
vation of RAGE-dependent mechanisms.

Promoting autophagy

In the rapidly growing stage of tumor development, angiogenesis 
by itself is not able to satisfy the great demand of amino acids, 
oxygen and growth factors for fast-proliferating tumor cells. 
Autophagy can digest damaged proteins, organelles and other 
macromolecules and recycle cytoplasm materials and thus adding 
a fresh input to balance the demand of nutrients and energy (58).

Tumor cells activate autophagy in response to cellular stress 
and/or increased metabolic demands related to rapid cell prolif-
eration. Autophagy-related stress tolerance can enable cell sur-
vival by maintaining energy production that can lead to tumor 
growth and, more interestingly, to therapeutic resistance (59). 
Furthermore, evidence indicates that the predominant role of 
autophagy in cancer cells is to confer stress tolerance, which 
serves to maintain tumor cell survival (60). Knockdown of essen-
tial autophagy genes in tumor cells has been shown to confer 
or potentiate the induction of cell death (61). This is particu-
larly interesting, considering that diabetics who develop cancer 
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have a worse prognosis after chemotherapy or surgery (5–7). 
Recently, it was demonstrated that RAGE-mediated tumor cell 
survival to some chemotherapeutic agents is associated with 
increased autophagy, resulting in a decreased phosphoryla-
tion of mammalian target of rapamycin and increased Beclin-1/
VPS34 autophagosome formation. Although these initial reports 
were raised by the activation of RAGE-dependent mechanisms 
induced by the alarmin HMGB1, very recently published data 
indicate that activation of RAGE by soluble AGEs is also able to 
promote autophagy in different cell types (62–64).

Different fibrous matrix proteins are rapidly emerging as 
regulators of autophagy (65). Of particular importance, all these 
proteins become highly glycated in diabetes and no data are 
available linking the promotion of autophagy with the activa-
tion of RAGE by ECM glycation.

Epithelial–mesenchymal transition

Tumors often display desmoplasia and this fibrotic state is 
characterized by increased deposition and altered organization 
and enhanced post-translational modification of ECM proteins. 
Furthermore, chronic fibrosis predisposes the affected tissues to 
develop cancer, but also correlates with poor prognosis, and it is 
also believed to enhance tumor progression (31,66).

Interestingly, the contribution of AGEs to the modifica-
tion of matrix proteins, its consequences in the disruption of 
ECM dynamics, and the generation of a profibrotic profile, has 
been extensively studied in the context of many complica-
tions of diabetes (67,68). Of note, in the heart glycated collagen 
has been shown to stimulate alpha11 integrin expression, the 
major fibrillar collagen receptor, through a Smad3-dependent 

Figure 2. The major constituents of ECM are long-live and fibrous-forming proteins such as collagens, elastins, laminins and fibronectin (A). Under conditions such 

as sustained hyperglycemia/diabetes (B) all these proteins become highly glycated, which may then become as a potential source of AGEs-modified proteins, and the 

subsequent activation of RAGE-dependent mechanisms, not only on tumor cells but also on other RAGE-bearing cell types within the tumor microenvironment leading 

to increased fibrosis, inflammation and angiogenesis The biological consequence of RAGE activation mechanisms seems to be connected in different ways to drives 

some hallmarks of cancer onset.
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and TGF-β2-regulated signaling pathway, and thus favoring the 
fibrotic response observed in diabetic cardiomyopathy (69).

EMT is a form of cell plasticity in which epithelia acquires 
mesenchymal phenotypes and is increasingly recognized as 
an integral aspect of tissue fibrogenesis. Noteworthy, gly-
cated ECM has been shown to promote EMT in kidney and 
lung epithelial cells (70,71). Additionally, AGEs in the lens 
capsule promote the TGF-β2-mediated EMT of lens epithelial 
cells, thereby contributing to cataract formation by a RAGE-
dependent mechanism (72).

EMT has also emerged as a critical process for the acquisition 
of migration and invasiveness and a pluripotent stem-cell-like 
phenotype and thus playing a pivotal role in the metastatic pro-
cess (73). It is well-known that metastasis is the main cause of 
death in 90% of patients carrying solid tumors.

ECM stiffness promotes TGF-β-induced EMT and induces 
a basal-like tumor cell phenotype to stimulate cancer metas-
tasis (74). Noteworthy, advanced glycation-mediated collagen 
crosslinking is known to produce stiffened tissues in different 
diabetes-related diseases. Once more, biological activity has 
been mainly ascribed to changes of mechanical nature and 
the role of RAGE activation by glycated ECM to promote EMT 
remains to be elucidated.

Angiogenesis

Tumor cells and tumor-associated stroma are sources of vascu-
lar endothelial growth factor, which is responsible for vascular 
proliferation and altered permeability of newly formed vessels 
(75). On note, glycated albumin has been reported to markedly 
increase vascular endothelial growth factor protein expression 
levels in different cancer cell types (76).

We and others have reported that RAGE engagement by solu-
ble ligands, mainly glycated soluble proteins, induces profound 
effects on endothelial cells, including up-regulation of vascular 
endothelial growth factor and metalloproteinase-2, as well as 
the disruption of VE-cadherin–catenin complex, thus favoring 
capillary tube formation (77,78). Additionally, AGE–RAGE inter-
action also reduces the pericytes number which in turn relieves 
the restriction on endothelial cell replication and facilitates 
angiogenesis (14).

Tumor-promoting inflammation

In the nineteenth century, Rudolph Virchow first launched 
the idea about a putative connection between inflammation 
and cancer. At present, resurgent research interests on this 
topic have raised a growing body of evidence supporting the 
contribution of chronic inflammation to the development of 
malignancies, as well as the association between the usage of 
non-steroidal anti-inflammatory agents and protection against 
various tumor types (79,80).

AGE-mediated activation of RAGE results in the increased 
activation of pro-inflammatory transcriptional regulators, 
including nuclear factor-kappa B (NF-kB), signal transducer acti-
vator of transcription 3 (STAT3) and hypoxia inducible factor 1 
(HIF-1). Increased activation of these critical transcription fac-
tors increases the secretion of cytokines/chemokines by stro-
mal cells and thus leading to the recruitment and activation of 
inflammatory cells into the tumor microenvironment (20,81). 
Interestingly, a chronically inflamed tissue is often fibrotic and 
shows increased collagen and fibronectin deposition. The tumor 
microenvironment thus becomes both a fibrotic and inflamma-
tory niche (82–84).

Situations of chronic inflammation can promote gen-
omic instability leading to DNA damage, oncogene activa-
tion or impaired function of tumor suppressors. In this sense, 
nucleotide sequence modification through single base edit-
ing is emerging as an important player in tumorigenesis (85). 
Activation-induced cytidine deaminase is a member of the cyti-
dine deaminase family (86). Activation-induced cytidine deami-
nase expression is induced by stimulation of proinflammatory 
cytokines such as TNF-alpha in several cell types, through the 
activation of NF-kB, thereby it is now considered as a DNA muta-
tor that contributes to inflammation-related tumorigenesis (87). 
As already mentioned, RAGE activation can evoke the produc-
tion of different pro-inflammatory cytokines, including TNF-
alpha through activating NF-kB pathway.

MicroRNAs (miRNAs) are small non-coding single-stranded 
RNAs, which are highly conserved during evolution, and con-
trols the gene expression by degrading the corresponding mRNA, 
destabilizing and/or inhibition their translation. Of note, miR-
NAs can act as onco-miRNAs or anti-onco-miRNAs depending 
on their potential target genes (88). Furthermore, some miRNAs 
have been reported to be involved in different cancer hallmarks, 
including cancer-related inflammation (89).

Due to the proinflammatory nature of RAGE activation, and 
previous reports showing how some miRNAs markedly changed 
their expression profiles after RAGE activation, it is tempting to 
speculate about the possibility of either the repression of tumor 
suppressor miRNAs or the activation of onco miRNAs in a RAGE-
mediated inflammation-dependent manner.

Concluding remarks

At present, an extensive body of epidemiological studies suggests 
that people with diabetes/hyperglycemia have an increased risk 
of developing certain cancer types. Furthermore, patients with 
diabetes who develop cancer have even a worse prognosis after 
treatment with chemotherapy or surgery. Although hypergly-
cemia is one of the most widely studied metabolic changes in 
diabetes mellitus, the effects of hyperglycemia on cancer have 
received much less attention. One of the chronic complications 
of high levels of blood glucose is the irreversible glycation of pro-
teins and lipids leading to the formation of AGEs.

The modification of ECM components by AGEs has been 
denoted to be a relevant factor in promoting matrix remod-
eling and/or dysfunction. This appraisal has been mainly 
focused on mechanical changes induced by AGE-mediated 
crosslinking, which in turn promote the stiffening of the ECM, 
and thus inducing mechanoreceptors-based mechanisms, 
which favor tumor growth and invasiveness. A  major group 
of receptors to mediate these effects are member of the integ-
rin family, present both on tumor cells and the different cell 
types in the microenvironment including cancer-associated 
fibroblasts (90).

However, the potential role of RAGE-mediated mecha-
nisms triggered by glycated ECM components remains to be 
elucidated. Finally, potential therapeutic approaches have 
emerged during the last decade by using either pharmaco-
logical inhibitors of AGE formation and/or agents that break 
established AGE crosslinks between proteins of ECM. All 
these agents can be used as relevant tools on both preclinical 
and clinical studies for unraveling the potential contribution 
ECM glycation by triggering RAGE-depended mechanisms on 
cancer onset.

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/39/4/515/4823790 by guest on 21 August 2022



520 | Carcinogenesis, 2018, Vol. 39, No. 4

Acknowledgements
Authors thank Dr. Mauricio Berriel Diaz for critical reading of 
the manuscript.
Conflict of Interest Statement: None declared.

References
 1. Maynard, G.A. (1910) A statistical study in cancer death-rates. 

Biometrika, 7, 276–304.
 2. Pearson, K. et al. (1910) On the correlation of death-rates. J. R Stat. Soc., 

73, 534–539.
 3. Shikata, K. et al. (2013) Diabetes mellitus and cancer risk: review of the 

epidemiological evidence. Cancer Sci., 104, 9–14.
 4. Ryu, T.Y. et al. (2014) Hyperglycemia as a risk factor for cancer progres-

sion. Diabetes Metab. J., 38, 330–336.
 5. Barone, B.B. et  al. (2008) Long-term all-cause mortality in cancer 

patients with preexisting diabetes mellitus: a systematic review and 
meta-analysis. JAMA, 300, 2754–2764.

 6. Srokowski, T.P. et al. (2009) Impact of diabetes mellitus on complica-
tions and outcomes of adjuvant chemotherapy in older patients with 
breast cancer. J. Clin. Oncol., 27, 2170–2176.

 7. Shi, S. et al. (2014) Cancer biology in diabetes. J Diabetes Investig., 5, 
251–264.

 8. de Beer, J.C. et al. (2014) Does cancer risk increase with HbA1c, inde-
pendent of diabetes? Br. J. Cancer, 110, 2361–2368.

 9. Giovannucci, E. et al. (2010) Diabetes and cancer: a consensus report. 
Diabetes Care, 33, 1674–1685.

 10. Brownlee, M. (1991) Glycosylation products as toxic mediators of dia-
betic complications. Annu. Rev. Med., 42, 159–166.

 11. Sensi, M. et al. (1991) Advanced nonenzymatic glycation endproducts 
(AGE): their relevance to aging and the pathogenesis of late diabetic 
complications. Diabetes Res., 16, 1–9.

 12. Vlassara, H. et al. (1994) Advanced glycation end products induce glo-
merular sclerosis and albuminuria in normal rats. Proc. Natl. Acad. Sci. 
USA, 91, 11704–11708.

 13. Brownlee, M. (1995) Advanced protein glycosylation in diabetes and 
aging. Annu. Rev. Med., 46, 223–234.

 14. Rojas, A. et al. (2004) Advanced glycation and endothelial functions: a 
link towards vascular complications in diabetes. Life Sci., 76, 715–730.

 15. Schmidt, A.M. et al. (1996) RAGE: a novel cellular receptor for advanced 
glycation end products. Diabetes, 45 (suppl. 3), S77–S80.

 16. Rojas, A. et al. (2013) The receptor for advanced glycation end-products: 
a complex signaling scenario for a promiscuous receptor. Cell. Signal., 
25, 609–614.

 17. Candido, J. et al. (2013) Cancer-related inflammation. J. Clin. Immunol., 
33 Suppl 1, S79–S84.

 18. Yang, L. et  al. (2017) Mechanisms that drive inflammatory tumor 
microenvironment, tumor heterogeneity, and metastatic progression. 
Semin. Cancer Biol., 47, 185–195.

 19. Routray, S. (2014) RAGE, inflammation and oral cancer: recreating the 
connexion. Oral Oncol., 50, e58–e59.

 20. Rojas, A. et  al. (2010) Fueling inflammation at tumor microenviron-
ment: the role of multiligand/RAGE axis. Carcinogenesis, 31, 334–341.

 21. Heijmans, J. et al. (2013) Rage signalling promotes intestinal tumouri-
genesis. Oncogene, 32, 1202–1206.

 22. Ishiguro, H. et al. (2005) Receptor for advanced glycation end products 
(RAGE) and its ligand, amphoterin are overexpressed and associated 
with prostate cancer development. Prostate, 64, 92–100.

 23. Frantz, C. et al. (2010) The extracellular matrix at a glance. J. Cell Sci., 
123(Pt 24), 4195–4200.

 24. Reigle, K.L. et  al. (2008) Non-enzymatic glycation of type I  collagen 
diminishes collagen-proteoglycan binding and weakens cell adhesion. 
J. Cell. Biochem., 104, 1684–1698.

 25. Negre-Salvayre, A. et al. (2009) Hyperglycemia and glycation in diabetic 
complications. Antioxid. Redox Signal., 11, 3071–3109.

 26. Acerbi, I. et  al. (2015) Human breast cancer invasion and aggression 
correlates with ECM stiffening and immune cell infiltration. Integr. 
Biol. (Camb)., 7, 1120–1134.

 27. Paszek, M.J. et  al. (2005) Tensional homeostasis and the malignant 
phenotype. Cancer Cell, 8, 241–254.

 28. Mouw, J.K. et al. (2014) Tissue mechanics modulate microRNA-depend-
ent PTEN expression to regulate malignant progression. Nat. Med., 20, 
360–367.

 29. Aragona, M. et  al. (2013) A mechanical checkpoint controls multicel-
lular growth through YAP/TAZ regulation by actin-processing factors. 
Cell, 154, 1047–1059.

 30. Cheung, K.J. et al. (2013) Collective invasion in breast cancer requires a 
conserved basal epithelial program. Cell, 155, 1639–1651.

 31. Leight, J.L. et al. (2012) Matrix rigidity regulates a switch between TGF-
β1-induced apoptosis and epithelial-mesenchymal transition. Mol. 
Biol. Cell, 23, 781–791.

 32. Aung, A. et al. (2014) 3D traction stresses activate protease-dependent 
invasion of cancer cells. Biophys. J., 107, 2528–2537.

 33. Levental, K.R. et al. (2009) Matrix crosslinking forces tumor progression 
by enhancing integrin signaling. Cell, 139, 891–906.

 34. Lu, P. et al. (2012) The extracellular matrix: a dynamic niche in cancer 
progression. J. Cell Biol., 196, 395–406.

 35. Bordeleau, F. et al. (2017) Matrix stiffening promotes a tumor vascula-
ture phenotype. Proc. Natl. Acad. Sci. USA, 114, 492–497. 

 36. Reid, S.E. et al. (2017) Tumor matrix stiffness promotes metastatic can-
cer cell interaction with the endothelium. EMBO J., 36, 2373–2389.

 37. Pastino, A.K. et al. (2017) Stimulatory effects of advanced glycation end-
products (AGEs) on fibronectin matrix assembly. Matrix Biol., 59, 39–53.

 38. Rodriguez-Teja, M. et  al. (2015) AGE-modified basement membrane 
cooperates with Endo180 to promote epithelial cell invasiveness and 
decrease prostate cancer survival. J. Pathol., 235, 581–592.

 39. Nass, N. et al. (2017) Accumulation of the advanced glycation end prod-
uct carboxymethyl lysine in breast cancer is positively associated with 
estrogen receptor expression and unfavorable prognosis in estrogen 
receptor-negative cases. Histochem. Cell Biol., 147, 625–634.

 40. van Heijst, J.W. et al. (2005) Advanced glycation end products in human 
cancer tissues: detection of Nepsilon-(carboxymethyl)lysine and arg-
pyrimidine. Ann. N. Y. Acad. Sci., 1043, 725–733.

 41. Chiavarina, B. et  al. (2017) Methylglyoxal-mediated stress correlates 
with high metabolic activity and promotes tumor growth in colorectal 
cancer. Int. J. Mol. Sci., 18, E213.

 42. Rozario, T. et  al. (2010) The extracellular matrix in development and 
morphogenesis: a dynamic view. Dev. Biol., 341, 126–140.

 43. Wirtz, D. et al. (2011) The physics of cancer: the role of physical inter-
actions and mechanical forces in metastasis. Nat. Rev. Cancer, 11, 
512–522.

 44. Jennifer, J.L. et al. (2017) Extracellular matrix remodeling and stiffen-
ing modulate tumor phenotype and treatment response. Annu. Rev. 
Cancer Biol., 1, 313–34.

 45. Moreno-Layseca, P. et al. (2014) Signalling pathways linking integrins 
with cell cycle progression. Matrix Biol., 34, 144–153.

 46. Malik, P. et al. (2015) Role of receptor for advanced glycation end prod-
ucts in the complication and progression of various types of cancers. 
Biochim. Biophys. Acta, 1850, 1898–1904.

 47. Tilghman, R.W. et al. (2010) Matrix rigidity regulates cancer cell growth 
and cellular phenotype. PLoS One, 5, e12905.

 48. Provenzano, P.P. et  al. (2008) Collagen density promotes mammary 
tumor initiation and progression. BMC Med., 6, 11.

 49. Reddy, G.K. (2004) Cross-linking in collagen by nonenzymatic glycation 
increases the matrix stiffness in rabbit achilles tendon. Exp. Diabesity 
Res., 5, 143–153.

 50. Avery, N.C. et al. (2006) The effects of the Maillard reaction on the phys-
ical properties and cell interactions of collagen. Pathol. Biol. (Paris), 54, 
387–395.

 51. Tian, M. et al. (2011) Transforming growth factor-β and the hallmarks of 
cancer. Cell. Signal., 23, 951–962.

 52. Kim, W. et  al. (2008) The integrin-coupled signaling adaptor p130Cas 
suppresses Smad3 function in transforming growth factor-beta signal-
ing. Mol. Biol. Cell, 19, 2135–2146.

 53. Kretzschmar, M. (2000) Transforming growth factor-beta and breast 
cancer: Transforming growth factor-beta/SMAD signaling defects and 
cancer. Breast Cancer Res., 2, 107–115.

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/39/4/515/4823790 by guest on 21 August 2022



A.Rojas et al. | 521

 54. Pardali, K. et al. (2007) Actions of TGF-beta as tumor suppressor and pro-
metastatic factor in human cancer. Biochim. Biophys. Acta, 1775, 21–62.

 55. Wolf, K. et al. (2009) Collagen-based cell migration models in vitro and in 
vivo. Semin. Cell Dev. Biol., 20, 931–941.

 56. Saby, C. et  al. (2016) Type I  collagen aging impairs discoidin domain 
receptor 2-mediated tumor cell growth suppression. Oncotarget, 7, 
24908–24927.

 57. Odetti, P. et al. (1998) Role of advanced glycation end products in aging 
collagen. A scanning force microscope study. Gerontology, 44, 187–191.

 58. Rabinowitz, J.D. et al. (2010) Autophagy and metabolism. Science, 330, 
1344–1348.

 59. Yang, Z.J. et  al. (2011) The role of autophagy in cancer: therapeutic 
implications. Mol. Cancer Ther., 10, 1533–1541.

 60. Degenhardt, K. et al. (2006) Autophagy promotes tumor cell survival and 
restricts necrosis, inflammation, and tumorigenesis. Cancer Cell, 10, 51–64.

 61. White, E. et al. (2009) The double-edged sword of autophagy modula-
tion in cancer. Clin. Cancer Res., 15, 5308–5316.

 62. Hou, X. et al. (2014) Advanced glycation endproducts trigger autophagy 
in cadiomyocyte via RAGE/PI3K/AKT/mTOR pathway. Cardiovasc. 
Diabetol., 13, 78.

 63. Sun, K. et al. (2016) AGEs trigger autophagy in diabetic skin tissues and 
fibroblasts. Biochem. Biophys. Res. Commun., 471, 355–360.

 64. Verma, N. et al. (2016) Advanced glycation end products (AGE) potently 
induce autophagy through activation of RAF protein kinase and 
nuclear factor κB (NF-κB). J. Biol. Chem., 291, 1481–1491.

 65. Neill, T. et  al. (2014) Instructive roles of extracellular matrix on 
autophagy. Am. J. Pathol., 184, 2146–2153.

 66. Iwatsuki, M. et al. (2010) Epithelial-mesenchymal transition in cancer 
development and its clinical significance. Cancer Sci., 101, 293–299.

 67. Russo, I. et al. (2016) Diabetes-associated cardiac fibrosis: cellular effec-
tors, molecular mechanisms and therapeutic opportunities. J. Mol. Cell. 
Cardiol., 90, 84–93.

 68. Zhao, J. et  al. (2014) Molecular mechanisms of AGE/RAGE-mediated 
fibrosis in the diabetic heart. World J. Diabetes, 5, 860–867.

 69. Talior-Volodarsky, I. et al. (2015) Glycated collagen induces α11 integrin 
expression through TGF-β2 and Smad3. J. Cell. Physiol., 230, 327–336.

 70. Burns, W.C. et al. (2006) Tissue growth factor plays an important role in 
advanced glycation end product–induced tubular epithelial-to-mesen-
chymal transition, implications for diabetic renal disease. J. Am. Soc. 
Nephrol., 17, 2484–2494.

 71. Chen, L. et al. (2009) Blockade of advanced glycation end product for-
mation attenuates bleomycin-induced pulmonary fibrosis in rats. 
Respir. Res., 10, 55.

 72. Raghavan, C.T. et al. (2016) AGEs in human lens capsule promote the 
TGFβ2-mediated EMT of lens epithelial cells: implications for age-
associated fibrosis. Aging Cell, 15, 465–476.

 73. Rybinski, B. et al. (2014) The wound healing, chronic fibrosis, and cancer 
progression triad. Physiol. Genomics, 46, 223–244.

 74. Barcellos-Hoff, M.H. et al. (2013) The evolution of the cancer niche dur-
ing multistage carcinogenesis. Nat. Rev. Cancer, 13, 511–518.

 75. Senger, D.R. et al. (1994) Vascular permeability factor, tumor angiogen-
esis and stroma generation. Invasion Metastasis, 14, 385–394.

 76. Ishibashi, Y. et  al. (2013) Metformin inhibits advanced glycation end 
products (AGEs)-induced growth and VEGF expression in MCF-7 
breast cancer cells by suppressing AGEs receptor expression via AMP-
activated protein kinase. Horm. Metab. Res., 45, 387–390.

 77. Otero, K. et al. (2001) Albumin-derived advanced glycation end-prod-
ucts trigger the disruption of the vascular endothelial cadherin com-
plex in cultured human and murine endothelial cells. Biochem. J., 
359(Pt 3), 567–574.

 78. Yamagishi, S.i. et  al. (1997) Advanced glycation end products-driven 
angiogenesis in vitro. Induction of the growth and tube formation of 
human microvascular endothelial cells through autocrine vascular 
endothelial growth factor. J. Biol. Chem., 272, 8723–8730.

 79. Balkwill, F. et  al. (2001) Inflammation and cancer: back to Virchow? 
Lancet, 357, 539–545.

 80. Mantovani, A. et  al. (2008) Cancer-related inflammation. Nature, 454, 
436–444.

 81. Riehl, A. et  al. (2009) The receptor RAGE: bridging inflammation and 
cancer. Cell Commun. Signal., 7, 12.

 82. Stramer, B.M. et al. (2007) The inflammation-fibrosis link? A Jekyll and 
Hyde role for blood cells during wound repair. J. Invest. Dermatol., 127, 
1009–1017.

 83. López-Novoa, J.M. et  al. (2009) Inflammation and EMT: an alliance 
towards organ fibrosis and cancer progression. EMBO Mol. Med., 1, 
303–314.

 84. Tlsty, T.D. et al. (2006) Tumor stroma and regulation of cancer develop-
ment. Annu. Rev. Pathol., 1, 119–150.

 85. Avesson, L. et al. (2014) The emerging role of RNA and DNA editing in 
cancer. Biochim. Biophys. Acta, 1845, 308–316.

 86. Muramatsu, M. et  al. (1999) Specific expression of activation-
induced cytidine deaminase (AID), a novel member of the RNA-
editing deaminase family in germinal center B cells. J. Biol. Chem., 
274, 18470–18476.

 87. Okazaki, I.M. et  al. (2003) Constitutive expression of AID leads to 
tumorigenesis. J. Exp. Med., 197, 1173–1181.

 88. Frixa, T. et al. (2015) Oncogenic MicroRNAs: key players in malignant 
transformation. Cancers (Basel)., 7, 2466–2485.

 89. Kong, D. et al. (2012) Inflammation-induced repression of tumor sup-
pressor miR-7 in gastric tumor cells. Oncogene, 31, 3949–3960.

 90. Multhaupt, H.A. et al. (2016) Extracellular matrix component signaling 
in cancer. Adv. Drug Deliv. Rev., 97, 28–40.

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/39/4/515/4823790 by guest on 21 August 2022


